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Summary
We here identify and characterize an extracellular mod-
ulator of Hedgehog signaling in Drosophila, Shifted.
Shifted is required for high levels of long-range sig-
naling in the developing wing imaginal disc. Surpris-
ingly, shifted encodes the only Drosophila ortholog of
the secreted vertebrate protein Wnt Inhibitory Fac-
tor-1 (WIF-1), whose known role is to bind to extracel-
lular Wnts and inhibit their activity. However, Shifted
does not regulate Hedgehog signaling by affecting
Wingless or Wnt signaling. We show instead that
Shifted is a secreted protein that acts over a long dis-
tance and is required for the normal accumulation of
Hh protein and its movement in the wing. Our data
further indicate that Shf interacts with Hh and the
heparan sulfate proteoglycans. Therefore, we pro-
pose that Shf stabilizes the interaction between Hh
and the proteoglycans, an unexpected role for a mem-
ber of the WIF-1 family.
Introduction
The Hedgehog (Hh) family of intercellular signaling
molecules has essential functions during metazoan de-
velopment, in both vertebrate and invertebrate organ-
isms (Ingham and McMahon, 2001). In many cases, Hh
acts as a morphogen, inducing distinct cell fates at dif-
ferent concentrations and thus conveying positional
information. The precise regulation of Hh activity has
important consequences for developmental and tumor-
igenic events.
Hh can be regulated when in transit between the Hh-
secreting and Hh-receiving cells. Proteins that bind ex-
tracellular Hh can inhibit signaling. In Drosophila, the
high levels of the Hh receptor Patched (Ptc) expressed
in Hh-receiving cells reduce the range of Hh signaling
(Chen and Struhl, 1996). In vertebrates, the cell surface
Hedgehog Inhibitory Protein (HIP) and the secreted
Growth Arrest-Specific Gene 1 protein (GAS1) inhibit
signaling, apparently by binding Hh proteins and se-*Correspondence: glise@cict.fr (B.G.); ssblair@wisc.edu (S.S.B.)
3These authors contributed equally to this work.questering them from Ptc (Chuang and McMahon, 1999;
Lee et al., 2001).
Drosophila lacks obvious orthologs of HIP and GAS1.
However, extracellular factors have been found in Dro-
sophila that have a positive influence on Hh signaling.
The heparan sulfate proteoglycans (HSPGs) of the ex-
tracellular matrix are required for the accumulation of
Hh around hh-expressing cells; moreover, removing
either HS synthesis or the two Drosophila glypicans,
Dally and Dally-like (Dlp), reduces the movement of Hh
through Hh-receiving tissues (Bellaiche et al., 1998;
Bornemann et al., 2004; Desbordes and Sanson, 2003;
Han et al., 2004a, 2004b; Takei et al., 2004; The et al.,
1999). Thus, it has been suggested that cell bound
HSPGs are involved in the movement of Hh along cell
surfaces and from cell to cell, either by aiding in the
diffusion of Hh or by a bucket brigade mechanism in
which Hh is passed between adjacent HSPGs.
However, the mechanisms underlying these interac-
tions are as yet poorly understood. We here identify
and characterize an additional positive regulator of Hh
signaling in Drosophila, the secreted product of the
shifted (shf) locus. Our data suggest that Shf plays a
role in the interaction between Hh and the HSPGs.
shf has been known for more than 85 years for its
effects on wing development. The Drosophila wing is
made from the wing imaginal disc, an epithelial sac that
is subdivided from early stages into anterior and poste-
rior compartments. Hh protein is made by posterior
cells but can only signal in anterior cells, as posterior
cells lack the Hh receptor Ptc and downstream effector
Cubitus interruptus (Ci). Once bound to Hh, Ptc can no
longer inhibit the activity of the transmembrane domain
protein Smoothened (Smo), leading to the stabilization
of full-length Ci and its translocation to the nucleus,
where it functions as a transcriptional activator (re-
viewed in Lum and Beachy, 2004).
Hh signaling in the wing disc results in target gene
activation in up to 12 rows of cells along the anterior-
posterior (A/P) compartment boundary. This signaling
has two main roles in patterning the developing wing.
The most well-known role is indirect, via activation of
decapentaplegic (dpp) expression; dpp encodes a
BMP-4-like signaling molecule that moves and acts
over a long range, in both the anterior and posterior
directions, to control much of the growth and A/P
patterning of the disc (Zecca et al., 1995). However, Hh
signaling also has a direct role, patterning the central
region of the wing. Hh induces the expression of the
transcription factor Collier-Knot (Col-Kn) in the pre-
sumptive intervein tissue between the third and fourth
longitudinal veins (L3 and L4, respectively); Col-Kn is
required for the differentiation of the central region of
the wing between L3 and L4 (Crozatier et al., 2002;
Mohler et al., 2000; Nestoras et al., 1997; Vervoort et al.,
1999). Reducing Hh signaling can narrow the domain of
Col-Kn expression and thus the size of the intervein
between L3 and L4, while leaving enough dpp expres-
sion that patterning in the remainder of the wing is
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tsensitive assay for changes in Hh signaling.
shf mutations reduce the distance between L3 and d
bL4 in the wing (Craymer and Roy, 1980; Diaz-Benjumea
and Garcia-Bellido, 1990; Lindsley and Zimm, 1992), s
sand we show here that shf is required for high levels of
long-range Hh signaling in the developing wing. We
lhave found that shf encodes the only Drosophila or-
tholog of the secreted vertebrate protein, Wnt Inhibitory w
iFactor-1 (WIF-1). This was unexpected, as the only
known role of vertebrate WIF-1 is to bind to extracellu- e
wlar Wnts and inhibit their signaling (Hsieh et al., 1999;
Hunter et al., 2004). However, we show that the effects c
of shf on Hh signaling cannot be accounted for by gains
in Wnt signaling. Rather, like the HSPGs, Shf is required s
for the normal accumulation of Hh protein and its W
movement in the wing. Moreover, we present data sug- a
gesting that Shf physically interacts in the wing disc 1
with Hh and the HSPGs. Therefore, we propose that Shf 1
acts as a cofactor, mediating the interaction between d
Hh and the HSPGs. b
F
aResults and Discussion
o
tshf Encodes the Drosophila Ortholog
of Vertebrate WIF-1 a
mThe shf locus was previously mapped cytologically be-
tween positions 6D1 and 6E5 based on its inclusion in s
vTp(1;3)sn13a1 and exclusion from Df(1)HA32 (Craymer
and Roy, 1980). Mapping the shf mutations (see below 1
afor a description of alleles and phenotypes) relative to
viable P element insertions (Bellen et al., 2004; http:// l
dflypush.imgen.bcm.tmc.edu/pscreen/) in the region by
using meiotic recombination allowed us to position shf t
obetween the insertions P{GT1}BG01406 at 6C10 and
P{GT1}BG02604 at 6D1. w
eLocal hopping of a nearby P{Casper}cx34.6 insertion
at 6D generated a line with a weak shf wing phenotype t
r(shfP1). Inverse PCR and sequencing mapped this new
insertion within the first, noncoding, exon of the a
sCG3135 gene (Figure 1A; see below). We then obtained
from the BDGP Gene Disruption Project a P{EY} inser- i
tion (P{EY03173}) located 20 bp 5# to the fifth exon of
this same CG (Figure 1A) (Bellen et al., 2004; http:// g
Kflypush.imgen.bcm.tmc.edu/pscreen/). This line is semi-
lethal, and adult male escapers have a typical shf wing t
wphenotype. Excision of the P{EY03173} element either
completely (13/14 lines) or largely (1/14 lines) reverted e
ethe shf phenotype. To confirm that shf is caused by
disruption of CG3135, we generated a transgene ex- e
apressing full-length CG3135 cDNA under the control of
UAS regulatory sequences. Expressing UAS-CG3135 t
5throughout the wing disc using MS1096-Gal4 fully res-
cued the shf2 wing phenotype (data not shown). s
sSequence from the CG3135 cDNA GH27042 (Sta-
pleton et al., 2002) shows that Shf is a protein of 456 f
samino acids that is an ortholog of the vertebrate WIF-1
(Hsieh et al., 1999) (Figures 1B and 1C; Figure S1 in the d
sSupplemental Data available with this article online).
Both WIF-1 and Shf have predicted N-terminal signal e
osequences, followed by a single “WIF” domain (Patthy,
2000) and five EGF-like repeats. Unlike WIF-1, Shf con- t
dtains two low-complexity domains between the signal
sequence and the WIF domain, and a linker sequenceetween the WIF and EGF domains. This linker, but not
he low-complexity domains, is conserved in the pre-
icted Shf ortholog of the mosquito Anopheles gam-
iae (Figure 1C). shf is the only gene with significant
imilarity to WIF-1 in the annotated Drosophila genome
equence release 3 (Celniker et al., 2002).
In situ hybridization to imaginal discs from third instar
arvae shows patterned expression of shf mRNA in the
ing disc, with higher levels of shfmRNA accumulating
n parts of the notum and in the anterior and posterior
dges of the wing pouch (Figure 1D). Neither of the
ing pouch domains appears to conform to or pre-
isely delimit the anterior or posterior compartments.
hf Alleles and Their Adult Phenotypes
hen our study was initiated, two of the original shf
lleles were still available: shf2 (Lindsley and Zimm,
992) and shf919 (Diaz-Benjumea and Garcia-Bellido,
990). shf2 flies are homozygous viable, and their wings
isplay the typical shf wing phenotype: the distance
etween L3 and L4 is reduced (compare Figure 2A with
igure 2B), the number of L3 campaniform sensilla is
lso often reduced, and the socketed (sensory) bristles
f the wing margin often extend down to L4. In addition
o the wing phenotype, one or both scutellar bristles
re also often missing, and a few ommatidia are abnor-
ally arranged in the compound eye (data not shown).
hf919 is semilethal; while embryonic lethality was pre-
iously reported (Diaz-Benjumea and Garcia-Bellido,
990), in our hands much or all of the lethality occurs
t pupal stages. Rare adult male escapers emerge that
ook like shf2 flies with, in addition, roughened and re-
uced compound eyes, reminiscent of descriptions of
he lost shfoval allele (Bateman, 1950). The accumulation
f shf mRNA in shf2 and shf919 wing discs is similar to
ild-type (wt) (Figures 1E and 1F). Sequencing of the
ntire coding region showed that shf2 and shf919 con-
ain missense mutations in the third EGF repeat, each
eplacing a conserved cysteine with a serine (Cys374
nd Cys363 in shf2 and shf919, respectively) (Figure 1B).
hf919 also contains a 10 bp deletion in the second
ntron.
We used imprecise excision of nearby P elements to
enerate additional shf alleles. We first used the
G04261 P element to create deletions lacking the
ranscription start identified by 5# RACE. However,
hile the largest of these (shfx13) had strongly reduced
xpression in discs (Figure 1G), we detected residual
xpression by RT-PCR (data not shown), indicating the
xistence of other start sites. We therefore generated
dditional deletions using the GE1012 P element inser-
ion, made available to us by GenExel, which lies just
# to the second exon. The largest of these deletions,
hfx33, removed 630 bp, including the exon 2 acceptor
plice site, the ATG, and the sequence coding for the
irst 32 amino acids of the Shf protein, including the
ignal peptide (Figures 1A and 1C). The extent of this
eletion suggests that shfx33 is a null allele. The original
tock was semilethal at larval and pupal stages; male
scapers had slightly stronger wing phenotypes than
ther shf alleles, with a more pronounced narrowing of
he L3-L4 region, together with, in some cases, partial
eletions of L3 (Figures 2C and 2D). These escapersalso had reduced eyes and a reduced scutellum, most
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257Figure 1. Identification and Characterization
of the shifted Locus
(A) Genomic region (distal left) including shf
(CG3135), C3G, and COQ7. Arrows indicate
P element insertions, and bars indicate dele-
tions.
(B) Schematic diagram of the Shf protein,
showing the signal cleavage site (red), the
WIF domain (blue), and EGF-like domains
(green). Also shown are the amino acid se-
quence of the third EGF-like domain (wt) and
the mutant sequences of shf2 and shf919.
(C) MAP alignment (http://searchlauncher.bcm.
tmc.edu/multi-align/multi-align.html) (Huang,
1994) of the amino acid sequences of Dro-
sophila melanogaster Shf (from the GH27042
cDNA), Anopheles gambiae Shf (from the
ENSANGP00000019906 Pest), and human
WIF-1 (Hsieh et al., 1999). The WIF and EGF-
like domains are underlined in blue and
green, respectively. The 3# end of the shfx33
deletion is shown above the sequence. The
signal cleavage site predicted using SignalP
(http://genome.cbs.dtu.dk/services/SignalP/)
(Bendtsen et al., 2004) is indicated as a red
arrowhead.
(D–G) shf expression as indicated by in situ
hybridization in late third instar wing discs.
Anterior is left, and proximodorsal is up. For
comparisons, wild-type (wt) and shf discs
were fixed and stained in the same well; wt
disc (D) was marked with a slit in the notum.
(E) shf2. (F) shf919. (G) shfx13.often lacking bristles (data not shown). Outcrossing
yielded a homozygous viable shfx33 stock with slightly
weaker adult phenotypes; this suggests that neither
maternal nor zygotic Shf is essential for viability.
The Range and Levels of Hh Signaling
Are Reduced in shf Wing Discs
The wing blade and scutellar shf phenotypes are remi-
niscent of those observed when Hh signaling is re-
duced, such as in fused mutants (Blair and Ralston,1997; Hidalgo, 1994; Préat et al., 1993) or hhts flies
raised at restrictive temperatures (Inaki et al., 2002;
Préat et al., 1993). Hh mutations can also cause re-
duced, roughened-appearing eyes (Heberlein et al.,
1993; Lee et al., 1992; Mohler, 1988). Moreover, we ob-
served genetic interactions between shf alleles and
mutations in the Hh signaling pathway, such as fuA (Fig-
ures S2A and S2B) and ci57 (Figures S2C and S2D).
These phenotypes were not simply additive, but truly
synergistic, as defects, such as loss of L3 and L4, were
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258Figure 2. Hh Signaling Is Reduced in shifted
Wing Discs
(A–D) Adult wings, with anterior up and distal
right. (A) wt. L1–L5 indicate the longitudinal
veins, and the anterior-posterior (A/P) com-
partment boundary is indicated by a gray
line. (B) shf2. (C and D) Two examples of
shfx33.
(E–N) Comparisons of Hh target expression
along the A/P boundary in the wing pouch
of wt (E–I) and shf2 (J–M) third instar wing
imaginal discs. In this and subsequent fig-
ures, anterior is left and proximodorsal up.
The A/P boundary is marked by a white dot-
ted line. (E and J) dpp-lacZ (BS3.0; dpp-Z,
green). (F and K) Col-Kn (Col; red). (G and L)
Ptc (red). (H and M) En (red). Anterior En is
indicated by the region where it fails to over-
lap posterior hh-lacZ (green; overlap, yel-
low). (I and N) Hh signaling as monitored by
the stabilization of the full-length form of Ci
transcription factor (Cifl; green; width indi-
cated by green bars). Staining in wt (I) is re-
duced close to the A/P boundary due to the
anterior expression of En and Invected (S.W.
and S.S.B., unpublished data). In shf2, it is
shifted closer to the A/P boundary, consis-
tent with the lack of anterior En expression.observed in regions of the wing not affected by either S
Wmutation alone.
To directly assess Hh signaling, we examined the ex- T
spression of a number of Hh targets along in the cells
on the anterior side of the A/P compartment boundary. t
TIn a disc from wt late third instar larvae, dpp-lacZ
(BS3.0), col-kn, ptc, and engrailed (en) are expressed in X
Wstripes about 12, 7, 5, and 3 cells anterior to the A/P
boundary, respectively (Figures 2E–2H). In shf mutant t
Xwing discs, the width of each of these stripes was dras-
tically reduced, although the register of expression was a
tperfectly maintained, and none was completely absent
(Figures 2J–2M). D
(Hh signaling activity is largely transduced by the sta-
bilization and activation of the full-length form of the Ci W
Wtranscription factor, and the extent of Hh signaling can
be monitored using a monoclonal antibody to full- p
length Ci (Motzny and Holmgren, 1995). In shf2, shf919,
and shfx33 discs, the width of the region with height- o
tened anti-Ci staining was reduced when compared with
wt discs (compare Figures 2I and 2N), spanning two to U
sfour cells in shfx33. Furthermore, anterior expression of
4bs-lacZ, a highly sensitive Hh signaling reporter that s
pcontains four Ci binding sites (Wang and Holmgren,
1999), was undetectable in shfx33/Y mutants except at w
Ethe distal-most tip of the wing pouch (data not shown).
From these observations, we conclude that shf mu- t
ttations decrease the range and level of Hh signaling
and that shf acts upstream of Ci stabilization. ahf Does Not Regulate Hh Signaling by Altering
ingless/Wnt Signaling in the Wing
he only known function of human WIF-1 is to inhibit
ignaling via Wnts, likely by sequestering Wnts from
heir receptors (Hsieh et al., 1999; Hunter et al., 2004).
he WIF domain from human WIF-1 (hWIF-1) can bind
enopus Wnt8, mammalian Wnt4, and Drosophila
ingless (Wg), and misexpression of hWIF-1 inhibits
he ability of these Wnts to induce a secondary axis in
enopus embryos and to signal in vitro. WIF domains
re also found in the Ryk family of atypical receptor
yrosine kinases (reviewed in Patthy, 2000). One of the
rosophila Ryks, Derailed (Drl), binds Drosophila Wnt5
Yoshikawa et al., 2003), and mammalian Ryk binds
nt-1 and Wnt-3a (Lu et al., 2004), presumably via their
IF domains. These results suggest that all proteins
ossessing a WIF domain affect Wnt signaling pathways.
However, we have found no evidence of any wg gain-
f-function phenotypes in shf mutant flies. Conversely,
he ubiquitous overexpression of shf, using either a
AS-shf transgene or an EP insertion upstream of the
hf locus [EP(1)61279] (Beinert et al., 2004), did not re-
ult in any detectable loss of Wg signaling. shf-overex-
ressing flies are fully viable and morphologically wt,
ith the exception of rare cases (5%) in which the
P(1)61279; ptc-gal4 combination resulted in a single
runcated hindleg. These flies lacked all of the pheno-
ypes typical of slight reductions in Wg signaling, such
s the loss of wing margin bristles. This is despite the
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259fact that these drivers induce levels of shf expression
that are much higher than those that occur in wt wing
discs (data not shown). Moreover, overexpressing shf
in flies did not mimic any of the wnt2 and wnt4 loss-of-
function phenotypes (Cohen et al., 2002; Kozopas and
Nusse, 2002). Finally, none of the embryonic central
nervous system phenotypes observed in wnt5 mutants
were detected after shf misexpression or in shfx13 or
shfEY03173 mutants (S. Yoshikawa and J.B. Thomas, per-
sonal communication).
We then asked whether ectopic Wg/Wnt signaling
could reproduce the shf phenotype. We tested the ef-
fects of Wnt misexpression directly by driving expres-
sion of UAS-wnt2, UAS-wnt4, UAS-wnt5, UAS-wnt6,
UAS-wnt8, or UAS-wnt10 in the wing disc using the en-
Gal4, Dll-Gal4, ptc-Gal4, or 32B-Gal4 drivers. In no
case did we observe a shf-like phenotype in the wing
(Figure S3A and data not shown). Furthermore, when
these experiments were performed in a shf2 mutant
background, the shf phenotype was not enhanced (Fig-
ure S3B and data not shown). Nor did overexpression
of the Wnt signaling effector Dishevelled in dorsal cells
using apterous (ap)-Gal4, at levels sufficient to drive the
formation of ectopic wing margin bristle precursors, re-
duce the expression of Hh targets in the disc (Figures
S3C and S3D). Thus, there is no evidence for Wnt’s in-
volvement in the shf Hh signaling phenotype in the
wing.
shf Is Required for the Normal Accumulation
and Movement of Hh
To further understand the basis of the shf phenotype,
we examined the expression and distribution of Hh
itself. Hh transcription is not obviously affected by shf,
as assessed using the hh-lacZ enhancer trap (compare
Figures 2H and 2M). However, the accumulation of Hh
protein was strongly disrupted. In a wt wing imaginal
disc, Hh can be detected at the cell surface of the pos-
terior secreting cells, along the entire apical/basal axis
without any preferential localization (Burke et al., 1999)
(Figures 3A and 3C). In neighboring anterior cells, Hh is
found in vesicles where it colocalizes with its receptor,
Ptc (Bellaiche et al., 1998; Burke et al., 1999) (Figure
3E). Confocal sections at different levels along the api-
cal/basal axis show that the apical accumulation of Hh
is not significantly different in shf and wt cells. However,
we found that basolateral anti-Hh staining is strongly
reduced in the posterior compartment of shf2 and shfx33
wing discs (compare Figures 3A and 3B). Z sections of
these discs confirm that the basolateral accumulation
of Hh is strongly defective in shf mutants (compare Fig-
ures 3C and 3D). The same results were obtained with
all three alleles tested and using two different anti-Hh
antisera. Similarly, the levels of Hh in the anterior com-
partment were reduced. We still detected some punc-
tate anti-Hh staining in anterior cells in the shf2 and
shfx33 mutant backgrounds, and as in wt, much of this
staining colocalized with anti-Ptc staining (Figure 3F).
However, vesicles with colocalized staining did not ex-
tend as far anterior in shf as in wt discs, suggesting
that the range of Hh movement into the anterior com-
partment is reduced in shf mutants.
One possibility is that this apparent reduced move-Figure 3. shf Is Required for the Normal Accumulation and Move-
ment of Hh
(A–D) Anti-Hh staining in the wing pouch of wt (A and C), shf2 (B),
and shfx33 (D) late third instar wing discs. Each pair of discs was
fixed and stained in the same well and imaged using identical con-
focal settings. The A/P boundary is indicated by white arrowheads.
(A and B) Confocal sections focused at the basolateral level. (C and
D) Z sections made perpendicular to the A/P boundary.
(E and F) Confocal sections made at the apical level of wt (E) and
shf2 (F) discs showing colocalization (arrowheads) of Ptc (red) and
Hh (green) in the anterior compartment. A stronger enhancement
of the signal was used in (F) relative to (E) to visualize this Hh/
Ptc staining.
(G and H) Hh-GFP in the wing pouch of wt (G) and shfx33 (H) late
third instar wing discs, after being expressed in dorsal cells with
ap-Gal4. Both show details of the posterior compartment, spanning
the dorsoventral compartment boundary. Images were taken using
identical confocal settings.
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lation of Hh in the posterior compartment. To test this,
we expressed a GFP-tagged version of Hh in the dorsal
compartment using ap-Gal4 and found that the range
of Hh-GFP movement into the ventral compartment
was still reduced in shfx33 discs, despite the higher than
normal levels of Hh present in the dorsal compartment.
This reduction was observed even in the posterior of
the wing (compare Figures 3G and 3H) and is thus not
a byproduct of altered interactions with Ptc. Faint resid-
ual Hh-GFP was occasionally observed in ventral cells,
suggesting that some Hh movement occurs in the ab-
sence of Shf; this is consistent with what we observed
above with endogenous Hh and with the mutant pheno-
type. However, such movement is severely reduced.
Like HSPGs, Shf Acts Preferentially
on Cholesterol-Modified Hh
The phenotype of shf is quite similar to that observed
after the loss of HSPGs in the wing; both Shf and the
HSPGs are required for the accumulation of Hh in the
posterior compartment and its movement into the ante-
rior compartment. Much of the effects of heparan sul- F
Rfate on Hh distribution and signaling are mediated by
Hthe Drosophila glypicans Dally and Dally-like (Dlp)
t
(Desbordes and Sanson, 2003; Han et al., 2004b). How- D
ever, our results suggest that the shf phenotype is not r
acaused by changes in the levels of the Dally or Dlp,
as assessed by Dlp antibody staining and a dally-lacZ
reporter construct (data not shown).
sHh is made as a precursor molecule, consisting of a
mC-terminal protease domain and an N-terminal signal-
ming domain. The C-terminal domain is removed by auto-
catalytic cleavage, and during this cleavage process,
a cholesterol molecule is covalently attached to the C S
oterminus of the signaling domain (Porter et al., 1996).
Some evidence suggests that Hh that lacks cholesterol T
fis less sensitive to the loss of HSPGs (The et al., 1999;
although see Desbordes and Sanson, 2003). Con- 2
estructs that contain only the N terminus of Hh (HhN)
generate a protein that is not processed and thus lacks i
tthe cholesterol. The effect of this on the movement of
Hh and its vertebrate homologs apparently depends on H
rthe developmental context and the presence of wt Hh
(e.g., Gallet et al., 2003; reviewed in Mann and Beachy, 2
a2004). In wt wings, HhN signals over a longer range
than cholesterol-modified Hh (Burke et al., 1999; Porter w
aet al., 1995). We found that while the range of Hh signal-
ing is reduced in a shf background, this was not true of e
wHhN. We used ap-Gal4 to drive expression of UAS-hh
throughout the dorsal compartment. In both wt and shf2 o
adiscs, this resulted in the ectopic expression of the Hh
target col-kn in the entire dorsal anterior quadrant of i
wthe wing pouch, consistent with the competence of an-
terior cells to interpret the Hh signal. In wt discs, this t
Salso induced ectopic col-kn expression in several rows
of ventral anterior cells adjacent to the dorsoventral o
wcompartment boundary (Figure 4A). In shf2/Y discs, the
ectopic ventral expression of col-kn was drastically re- t
sduced (Figure 4B). However, when the same experi-
ments were repeated using ap-gal4 and UAS-hhN, the
along-range activation of col-kn expression observed in
the wt background (Figure 4C) was not decreased in a uigure 4. Shf Reduces the Range of Cholesterol-Modified Hh
ange of Hh signaling, as assessed by ventral expression of the
h target col-kn, after dorsal, ap-Gal4-driven expression of choles-
erol-modified hh (A and B) or hhN, which lacks cholesterol (C and
). The dorsoventral compartment boundary is marked by a single
ow of wing margin cells that lack col-kn expression (black or white
rrows). (A and C) wt. (B and D) shf2.hf2 background (Figure 4D). Together, these experi-
ents show that shf is required for normal range of
ovement of cholesterol-modified Hh in the wing disc.
hf Is a Secreted Protein that Acts
ver a Long Distance
he Dally and Dlp glypicans are bound to the cell sur-
ace by a GPI linkage (reviewed in Lander and Selleck,
000), and while this linkage can be cleaved (Kreuger
t al., 2004), the effects of loss of HSPGs from clones
n the wing are nearly cell autonomous. Hh accumula-
ion is affected throughout posterior HSPG clones, and
h can signal only over a very short distance into ante-
ior clones (Desbordes and Sanson, 2003; Han et al.,
004a, 2004b; Nybakken and Perrimon, 2002; Takei et
l., 2004). However, the same is not true of Shf. First,
e induced shf2 and shf919 mitotic clones in wing discs
nd visualized the extent of Hh signaling using col-kn
xpression. We never observed a shf phenotype, even
hen the mutant clones encompassed large portions
f either the anterior or posterior compartments and
butted the A/P compartment boundary along most of
ts length (Figures 5A and 5B). Thus, shf activity in the
ing can be provided at a distance by wt cells, consis-
ent with the prediction that Shf is a secreted protein.
upporting this conclusion, the adult wing phenotype
f shf2 and shfx33 flies was rescued by UAS-shf, even
hen expression of the Gal4 driver was limited to pos-
erior (en-Gal4), anterior (dpp-Gal4 or ptc-Gal4), or dor-
al (ap-Gal4) cells (data not shown).
To confirm this, we generated a UAS-shf containing
C-terminal GFP tag; this construct can rescue shf
sing a variety of Gal4 drivers. When we expressed
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over a Long Distance
(A and B) Normal anti-Col-Kn staining (red)
in wing discs containing shf2 homozygous
clones, identified by the absence of GFP
(green). (A) Loss of shf from the entire poste-
rior compartment. (B) Loss of shf from most
cells immediately anterior to the A/P bound-
ary. (C) Posterior compartment emphasis of
GFP fluorescence (green) in both dorsal and
ventral cells after dorsal expression of UAS-
shf-GFP using ap-Gal4. Anti-Hh staining is
shown in red. The dorsoventral boundary is
indicated by white lines at the edge of the
disc; ventral is down. In all panels, the A/P
boundary is indicated by a dotted line.UAS-shf-GFP in dorsal cells using ap-Gal4, GFP was
found not only dorsally, but also throughout the ventral
wing pouch (Figure 5C). Thus, Shf is secreted and can
move across the length of the prospective wing blade.
Shf Accumulates in Response to Hh and HSPGs
The distribution of Shf-GFP also provided some clues
about potential interactions between Shf and other ex-
tracellular factors. Although ap-Gal4 drives uniform ex-
pression throughout the dorsal compartment, the distri-
bution of Shf-GFP driven by ap-Gal4 was not uniform:
in both dorsal and ventral cells, it showed a slight pos-
terior emphasis and decreased levels anterior to the
A/P boundary (Figure 5C). This suggests that Shf is ac-
cumulating in response to some factor expressed only
in the posterior compartment. Amongst known extra-
cellular components of Hh signaling, only Hh itself ac-
cumulates at higher levels specifically in the posterior
compartment.
To see whether the endogenous Shf protein showed
a similar distribution, we generated a polyclonal antise-
rum against Shf. Wing discs showed a pattern of stain-
ing similar to that observed using in situ hybridization,
with stronger expression in the far anterior and poste-
rior regions of the wing pouch, as well as regions of
the hinge and notum. However, unlike the in situ stains
(Figure 1D), cell surface anti-Shf staining was higher in
the posterior compartment and showed a sharp
decrease congruent with the A/P boundary (Figures 6A,
6A#, and 6B). The anti-Shf staining was lost from shfx33
discs, confirming the specificity of the antiserum and
indicating that this allele is likely a null (Figure 6C).The wt Shf distribution appears to be caused by a
difference in the accumulation of Shf protein, rather
than in shf expression. The shf2 and shf919 alleles are
caused by point mutations in the third EGF repeat and
show normal patterns of transcription (Figures 1E and
1F). However, anti-Shf staining in these mutants was
abnormal (Figures 6D and 6D# and data not shown); the
sharp demarcation between anterior and posterior anti-
Shf staining was lost, and posterior cell surface staining
was less distinct. The remaining staining pattern in
these mutants closely resembled that of message tran-
scription, with stronger anterior and posterior expres-
sion distant from the compartment boundary. This re-
sult may indicate that a normal third EGF repeat is
specifically required for interaction with a posteriorly
expressed protein.
To test whether Hh itself plays a role in Shf accumula-
tion, we examined anti-Shf staining in discs homozy-
gous for the temperature-sensitive hhts2 allele. This
allele is caused by an amino acid change in the N-ter-
minal region of Hh, which likely renders the protein sen-
sitive to misfolding at the restrictive temperature (Por-
ter et al., 1995). When upshifted from 18°C to 30°C for
24 hr, hhts2 discs showed an abnormal pattern of anti-
Shf staining, similar to that observed in shf919; the
stronger posterior staining was lost, and the sharp de-
marcation between the anterior and posterior compart-
ments was no longer apparent (Figure 6E). Thus, the
posterior accumulation of anti-Shf staining depends on
the presence of normal Hh. Consistent with our results,
an independent study on Shf by Gorfinkiel et al. (2005)
has reported coimmunoprecipitation of Shf and Hh
from Shf-misexpressing salivary glands. We have as yet
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Hh and HSPGs
Anti-Shf staining (white or red) in wing discs.
The A/P boundary is visualized in A# and D#
by anti-Ptc staining (green). (A, A#, and B)
Posterior compartment emphasis of anti-Shf
staining in wt. (C) Absence of staining in a
shfx33. (D and D#) Loss of posterior compart-
ment emphasis in shf919. (E) Loss of poste-
rior compartment emphasis in a hhts2 disc
from a larva shifted from the permissive
(18°C) to the restrictive temperature (30°C)
for 24 hr. (F and G) Cell-autonomous reduc-
tion in anti-Shf staining in ttv sotv (F) or dally
dlp (G) homozygous clones, identified by the
absence of GFP (green). Anterior (asterisk) or
posterior (arrowhead) clones are indicated
in (F).been unable to reproduce this result using tagged b
Tforms of Shf and Hh expressed in the Drosophila S2 cell
line (S.M. Honeyager, M.A.H., and S.S.B., unpublished t
data). While such negative results should be treated
with caution, they suggest either that the association S
obetween Shf and Hh is indirect or that S2 cells lack
some cofactor or processing necessary for the in- H
Eteraction.
Cells in the hhts2 disc still retained anti-Shf staining l
iat the cell surface, and this suggested that Shf might
be binding to some additional cell surface component. t
EWe therefore tested whether Shf accumulation re-
sponds to changes in HSPGs. Cells lacking the EXT a
scopolymerases Tout velu (Ttv) and Sister of tout velu
(Sotv) are deficient in HS synthesis (Bellaiche et al., a
h1998; Bornemann et al., 2004; Han et al., 2004a; Takei
et al., 2004; The et al., 1999). We generated ttv sotv E
hclones and saw a marked, cell-autonomous decrease
in the levels of anti-Shf staining (Figure 6F). A similar p
but slightly weaker effect was observed after loss of
the Drosophila glypicans Dally and Dally-like (Figure W
s6G). The effect was most striking in the posterior com-
partment and thus might be caused in part by the loss s
(of Hh from such clones. However, weak decreases were
also observed in anterior clones distant from the com- d
partment boundary, indicating that the decrease cannote entirely accounted for by the loss of Hh (Figure 6F).
his indicates that strong Shf accumulation requires
he HSPGs.
hf Function Cannot Be Rescued by Truncated
r Orthologous Versions of the Protein
sieh et al. (1999) showed that a construct lacking the
GF repeats of hWIF-1 was nearly as effective as full-
ength protein in binding Wg and Xenopus Wnt8 and
nhibiting their ability to signal. However, our localiza-
ion of the shf2 and shf919 point mutations to the third
GF repeat of Shf suggests that the EGF domains play
critical role in regulating Hh signaling. Moreover, the
econd and third EGF repeats of Shf are by BLAST
nalysis more similar to the EGF repeats of the Hedge-
og binding protein HIP than to most other types of
GF domains (data not shown), suggesting that they
elp mediate interactions with Hh or some other com-
onent of the Hh signaling complex.
We therefore generated constructs lacking either the
IF domain (UAS-shfDWIF) or the EGF domains (UAS-
hfDEGF) and expressed these in flies. Driving expres-
ion using ap-GAL4 did not rescue the shf phenotype
Figures S4A–S4D). This failure is not caused by a
ecrease in protein stability; both truncated proteinsare recognized by our polyclonal anti-Shf antiserum,
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that of the endogenous protein (Figures S4A and S4B).
Thus, unlike hWIF-1, the EGF domains of Shf are nec-
essary for its function.
We also could not rescue the shf phenotype by ex-
pressing zebrafish WIF-1 in the place of Shf. Misex-
pression with ap-Gal4, ptc-Gal4, or en-Gal4 also did
not induce obvious Wg loss-of-function phenotypes. It
should be noted that human WIF-1, while unable to res-
cue shf, can induce Wg loss-of-function phenotypes
(Gorfinkiel et al., 2005). While these negative results
should be treated with caution, they suggest that verte-
brate WIF-1 proteins may differ in their functions.
Conclusions
We show here that shf is required for the accumulation
and movement of cholesterol-modified Hh in the de-
veloping wing imaginal disc. shf encodes the only Dro-
sophila member of the WIF-1 family of proteins. The
only known role of human WIF-1 is to bind to Wnts and
inhibit Wnt signaling. Misexpression of WIF-1 blocks
Wnt signaling, and inhibiting WIF-1 function and adding
Wnt4 have opposite effects in the mouse retina on rod
photoreceptor proliferation (Hsieh et al., 1999; Hunter
et al., 2004). However, our results indicate that Shf does
not have a similar function.
Rather, our results strongly suggest that secreted Shf
affects Hh signaling by interacting with Hh and the
HSPGs. This is supported first by the similarity of their
effects of Shf and the HSPGs on Hh accumulation and
movement. Moreover, Shf accumulation in the posterior
compartment of the wing disc depends in part on the
presence of normal Hh; this is consistent with the bind-
ing observed by Gorfinkiel et al. (2005). Shf accumula-
tion is also strongly reduced by blocking HSPG synthe-
sis or expression. The simplest model that explains our
findings is that Shf binds to both HSPGs and a Hh-
containing complex and is required to stabilize that in-
teraction, allowing Hh to move over a long distance
(Figure 7).
However, whereas HSPGs are required for Hh signal-
ing during embryogenesis and in a number of adult tis-
sues, we have only observed defects in our shf null al-
lele in the wing blade, notum, and eye. The interaction
between Hh and HSPGs cannot be totally dependent
on Shf. The sensitivity of specific tissues to the loss of
shf may reflect the different requirements for long-
range Hh movement in these tissues. In the wing imagi-
nal disc, Hh signals over 12 rows of anterior cells, as
shown by the induction of its most sensitive known
target, dpp. In contrast, in the embryonic ectoderm Hh
normally signals over a maximum of three to four rows
of cells (Delon and Payre, 2004; Gallet et al., 2003).
That a WIF-1 family member is required for Hh signal-
ing is both unexpected and exciting, as it suggests that
WIF-1s have the potential to act as multimodal modifi-
ers of signaling. Vertebrate WIF-1s are expressed in a
variety of developing tissues, including nonsegmented
paraxial mesoderm but not somites, in notochord adja-
cent to mature somites, in developing head structures,
and in the developing retina (Hsieh et al., 1999; Hunter
et al., 2004). Moreover, human WIF-1 expression is
downregulated in a high percentage of prostate, breast,
and non-small lung cell tumors (Mazieres et al., 2004;Figure 7. A Model for Shf Function in Hh Movement
shf mutants modify the distribution of Hh in the posterior compart-
ment and movement of cholesterol-modified Hh into the anterior
compartment. In the model, the cholesterol-modified Hh made by
posterior cells is targeted to the cell membrane and released by
Dispatched (Burke et al., 1999). It binds HSPGs, allowing accumu-
lation in the posterior compartment and movement from cell to cell.
The curved arrows indicate the movement of the Hh-containing
complex from one cell to another by transfer between adjacent
HSPGs (Han et al., 2004b), and the double-headed arrow indicates
the postulated transfer of Hh from the HSPG complex to Ptc.
Secreted Shf binds to both HSPGs and a Hh-containing complex,
stabilizing their interaction and allowing accumulation and long-
range movement of Hh; it may help in the transfer of Hh from HSPG
to HSPG (question marks).Wissmann et al., 2003) and upregulated in intestinal ad-
enomas and colon carcinomas (Cebrat et al., 2004). It
will be interesting to see if the functions of vertebrate
WIF-1s are limited to Wnt signaling or whether these
molecules play a wider role.
Experimental Procedures
Mutant and Transgenic Drosophila Strains
Strains used in this study included the following: shf919 (Diaz-Ben-
jumea and Garcia-Bellido, 1990); shfEY03173 and KG04261 from the
BDGP Gene Disruption Project (Bellen et al., 2004; http://flypush.
imgen.bcm.tmc.edu/pscreen/); GE1012 from GenExel; EP(1)61279
(Beinert et al., 2004); UAS-dsh (Axelrod et al., 1996); UAS-wnt2,
UAS-wnt4, UAS-wnt5, UAS-wnt6, UAS-wnt8, and UAS-wnt10 (Lli-
margas and Lawrence, 2001); 4bs-lacZ (Hepker et al., 1999); col1
and kn1 (Vervoort et al., 1999); UAS-hh (Ingham et al., 2000); UAS-
hhN (Porter et al., 1996); UAS-hh-GFP (Torroja et al., 2004); hhts2
(Moreno and Morata, 1999); dally80 dlpA187 FRT2A/TM6B (Han et al.,
2004b); and ttv949 sotv44 FRTG13/CyO (Han et al., 2004a).
shfP1 was generated by local hopping, crossing the balanced
progeny of P{Casper}cx134.13; D2-3 /+ flies to shf2. DNA flanking
the insertion site was isolated using inverse PCR (http://www.fruitfly.
org/about/methods/inverse.pcr.html) and sequenced. The shf dele-
tion alleles were isolated by imprecise excision, crossing either y
KG04261(y+); 2-3/+ or y w GE1012(w+); 2-3/+ males to FMO,
screening for y or w revertant males or females, and testing these
over shf2. The deletions were initially mapped by PCR and con-
firmed by sequencing.
For the UAS-shf-GFP line, the GFP coding sequence was ampli-
fied by PCR from a pEGFP-N3 vector (Clontech) and fused C termi-
nus to the open reading frame of the full-length GH27042 cDNA
obtained from Berkeley Drosophila Genome Project (Stapleton et
al., 2002). This fusion was subcloned into pUASP vector (Rorth,
1998). UAS-shfDWIF and UAS-shfDEGF were generated from
GH27042 using PCR, inserted into pGEMT-Easy (Promega) for se-
quencing, and then subcloned into pUAST. Transgenic flies were
generated using standard methods.
All other stocks were obtained from the Bloomington Stock Cen-ter; an ap-Gal4 UAS-gfp.nls recombinant chromosome was gener-
ated for the UAS-dsh experiments.
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UDiscs were treated as described in Cadigan et al. (1998), except
that a 10 min treatment in 16 g/ml proteinase K was substituted D
sfor the ethanol, xylene, and methanol washes. Digoxigenin-labeled
riboprobe was prepared from GH27042 cDNA (Stapleton et al., D
D2002) subcloned into pGEMT-Easy (Promega).
r
fRT-PCR and 5 RACE
vRNA was isolated from late wt third instar larvae using the Qiagen
CRNeasy Protect Mini-Kit and Qiashredder columns, and cDNA was
mgenerated and 5# RACE was performed using the Clontech Smart
fRACE kit. 5# RACE using primers in the third or fourth exons gave
an identical 5# terminus.
R
Clonal Analysis R
Clones of mutant cells were induced by Flp-mediated mitotic re- A
combination (Xu and Rubin, 1993). shf2 and shf919 were recombined P
onto FRT18A chromosomes and crossed to either 2πM FRT18A; hs-
FLP/TM6, Tb or Ubi-GFP(S65T)nls FRT18A; MKRS hs-FLP/TM6, R
Tb. dally80 dlpA187 FRT2A/TM6B (Han et al., 2004b) was crossed to
hs-FLP; hs-GFP FRT2A/TM6,Tb. ttv949 sotv44 FRTG13/CyO (Han et A
al., 2004a) was crossed to hs-FLP; M(2)53 πM FRTG13/CyO. The w
larvae were heat shocked for 1.5–2 hr at 38°C during first and se- A
cond instar and dissected during late third instar. hs-GFP and pM N
larvae were heat shocked for 1.5 hr prior to fixation to express the w
GFP or Myc epitope labels.
B
BAnti-Shf
SFull-length GH27042 was subcloned into the QIAexpress pQE40
ovector (Qiagen). The protein was expressed in E. coli, and the insol-
Buble cell lysis fraction was cleaned using QIAexpress buffers B and
sA, extracted using dye-free 4× SDS-PAGE buffer (40% glycerol, 8%
nSDS, 20% 2-mercaptoethanol, 25% 1 M Tris-HCl [pH 6.8]), ex-
changed into injection buffer, and concentrated. Rats were injected B
and antiserum was prepared by the University of Wisconsin Poly- E
clonal Antiserum service. Raw antiserum was diluted 1:200 in PBS (
and preabsorbed overnight at 4°C against fixed S2 cells (approxi- t
mately 107 cells per 200 l). 7
B
Immunohistochemistry I
Discs were fixed in either Brower fix for 2 hr or 4% paraformalde- 3
hyde in phosphate-buffered saline (PBS) for 20 min to 3 hr. Incuba- B
tion with primary antibodies was carried out overnight at 4°C in h
PBS containing 0.3% Triton X-100 using the following antibodies: r
rabbit anti-β-gal, 1:800 (Cappell); mouse anti-c-Myc, 1:1000 (Santa v
Cruz Biotechnology); rabbit anti-c-Myc, 1:500 (Santa Cruz Biotech-
Bnology); rabbit-anti-Hh, 1:1000–2000 (Takei et al., 2004); rabbit-anti-
RHh, 1:200 (Taylor et al., 1993); mouse anti-Ptc mAb 5E10, 1:400
d(Strutt et al., 2001); mouse anti-En 4F11, 1:20 (Patel et al., 1989);
prabbit anti-Col-Kn, 1:200 (Crozatier and Vincent, 1999); rat anti-Ci,
B1:20 (Slusarski et al., 1995); guinea pig anti-Dl, 1:1000 (provided by
BM. Muskavitch); mouse anti-Dll, 1:50 (Panganiban et al., 1995); rat
manti-Senseless, 1:1000 (Nolo et al., 2000); rabbit anti-Nubbin, 1:20
h(Averof and Cohen, 1997); or preabsorbed rat anti-Shf (1:1000), fol-
lowed by fluorescent secondary antisera. BSA was sometimes C
added to reduce background staining with anti-Hh and anti-Shf an- W
tisera. Imaginal discs were mounted in Vectashield mounting me- W
dium (H-1000) (Vector) or 80% glycerol in PBS containing 4% pro- C
pyl gallate and observed with either Leica SP2 or BioRad 2400 f
confocal microscopes. Captured images were manipulated with e
Adobe Photoshop.
C
A
(Supplemental Data s
Supplemental Data include four figures and can be found with this B
article online at http://www.developmentalcell.com/cgi/content/
Cfull/8/2/255/DC1/.
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